In the context of the fatigue life design of components, particularly those destined for use in hydrogen refuelling stations and fuel cell vehicles, it is important to understand the hydrogen-induced, fatigue crack growth (FCG) acceleration in steels. As such, the mechanisms for acceleration and its influencing factors are reviewed and discussed in this paper, with a special focus on the peculiar frequency dependence of the hydrogen-induced FCG acceleration. Further, this frequency dependence is debated by introducing some potentially responsible elements, along with new experimental data obtained by the authors.
Introduction
With the move towards the realization of a sustainable society, as a clean, movable and abundant energy carrier, hydrogen has great potential for becoming an alternative energy source. In systems that utilize hydrogen (e.g. hydrogen refuelling stations and fuel cell vehicles), the exposure of various metallic components to highpressure hydrogen gas leads to the deterioration of the mechanical properties of materials, including their tensile strength (TS), ductility and fatigue strength. Therefore, when designing the strength of components, the effect of hydrogen on their properties must be thoroughly understood.
Fatigue crack growth (FCG) is one of the essential properties to be considered in the safe design of metallic 
components, especially for the FCG analysis under design by analysis [1] . With respect to many metallic materials, it is a well-known fact that FCG accelerates significantly in hydrogen gas. Thus, in order to accurately estimate the fatigue life of components destined for use in hydrogen gas, it is necessary to identify how the hydrogen-induced acceleration is influenced by different factors (e.g. hydrogen pressure, loading frequency, loading ratio, etc.) and to elucidate the acceleration mechanism. For some researchers, the key to understanding the hydrogen-induced, FCG acceleration lies in the hydrogen-dislocation interaction in the vicinity of a crack tip, especially in relatively low-or moderate-strength steels with TS of less than 1000 MPa (e.g. austenitic stainless steels and low-alloy steels). Accordingly, the accelerated FCG growth in such moderate-strength steels does not result in a 'brittle' but a 'microscopic ductile' fracture. Despite the remarkable research progress of recent years, there are still a number of unanswered questions about the influencing factors and degradation mechanisms for the FCG acceleration in hydrogen gas.
In this paper, existing studies on the hydrogen-induced, FCG acceleration in various steels are first briefly reviewed, together with the acceleration mechanism and some of its influencing factors. The focus is then placed on the peculiar frequency dependence of the hydrogen-induced, FCG acceleration in steels. In a high-frequency regime (e.g. 10 ∼ 0.1 Hz), the ratio of hydrogeninduced, FCG acceleration is seen to gradually increase with a decrease in test frequency, later reaching a peak. To justify the interpretation of the mechanism based on the hydrogen-enhanced successive fatigue crack growth (HESFCG) model, using both 'internal' and 'external' hydrogen, some critical experiments were performed on two types of material: Type 304 stainless steel and ductile cast iron (DCI).
Fatigue crack growth acceleration in steels under the influence of hydrogen (a) Existing studies and mechanisms
NASA [2] categorized numerous metallic materials into four specific grades, according to their individual susceptibility to high-pressure hydrogen gas. For instance, in the guidelines, austenitic stainless steels with a face-centred cubic (FCC) structure (e.g. Types 316 and 310) are classified as being 'negligibly-embrittled' or 'slightly-embrittled'. On the other hand, martensitic and ferritepearlite steels with a body-centred tetragonal/body-centred cubic structure (e.g. AISI 1042 and AISI 1020) are characterized as 'severely-embrittled' or 'extremely-embrittled'. Figure 1 shows the relative tensile strength (RTS), σ BH2 /σ BHe , and the relative reduction of area (RRA), φ H2 /φ He , as functions of the TS of the material. Regardless of the susceptibility, the RTS values remain at ≈1.0 in the TS regime up to ≈1000 MPa, although the ductility represented by the RRA is significantly dependent on the material type, as demonstrated in figure 1 . Based on such experimental facts, moderate-strength steels with TS < 1000 MPa are generally selected for use in high-pressure hydrogen components, the main focus of this paper.
The FCG behaviour in metallic materials under the influence of hydrogen has been studied by several researchers [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . They have reported on a host of materials in which the FCG accelerates in a hydrogen gas environment and under hydrogen charging, whereas little acceleration has been noted in others, including stable, austenitic stainless steels and aluminium alloys. It has also been pointed out that, while the degree of influence is dependent on the material in question, the hydrogen-induced FCG acceleration is dominated by various influencing factors, namely, test frequency, hydrogen pressure, stress ratio, etc. It is widely believed that the acceleration is caused by hydrogen atoms that have dissolved in the crack-tip zone. Although the hydrogen decohesion hypothesis is one of the primary theories presumed to explain FCG acceleration [17, 18] , numerous researchers have maintained that the basic mechanism for moderate-strength steels is not a lattice decohesion. Rather, it is both the diffusion of hydrogen to the crack tip and its concentration there that lead to the activation of hydrogen-induced slip deformation. This mechanism is supported by some observations of the fatigue cracks, revealing crack sharpening and the slip localization along the crack under the influence of hydrogen [11, 12, [19] [20] [21] . As an example, figure 2 presents fatigue cracks in non-charged and hydrogen-charged specimens of Type 304 stainless steel [19] . As a result of the hydrogen-induced acceleration, striation spacing increases, whereas striation height decreases, as shown in figure 3 [12] . Based on the aforementioned experimental findings, Murakami et al. [19] proposed the HESFCG model for FCG acceleration, the schematic for which is provided in figure 4 . A model for striation formation in the absence of hydrogen has been proposed by Bichler et al. (cf. figure 4a ) [22] . In that model, slip deformation distributes extensively around the crack tip during the loading process. Consequently, the crack tip blunts considerably. At maximum stress, a stretch zone is formed and is inclined from the direction of the crack growth. During the unloading process, the crack tip gradually closes with reverse slip deformations, while the two crack planes interconnect at the minimum loading point. The crack growth distance in one cycle is reported to be approximately one-tenth of the projected stretch-zone width (SZW), owing to the reverse slip deformations. By contrast, in hydrogen-charged specimens, the hydrogen gathers near the crack tip by stress-induced diffusion. The hydrogen enhances dislocation motion, leading to the process of hydrogen-enhanced localized plasticity (HELP) [23] [24] [25] [26] [27] . Accordingly, slip deformations converge in the narrow region near the crack tip, an area where there is a high concentration of hydrogen. As a result, the crack grows successively, maintaining a sharp shape during the loading process and, therefore, the stretch zone can barely be tilted to the crack plane. During the unloading process, the crack closes with a few reverse slip deformations, because minor crack rsta.royalsocietypublishing.org Phil. Trans blunting had occurred during the previous loading process. Therefore, the crack growth distance in one cycle is nearly equal to that of the SZW at maximum loading, resulting in the acceleration of the FCG rate. Hence, the key points of the HESFCG model are as follows: (i) slip deformation is localized at the crack tip by hydrogen, and (ii) the crack maintains a sharp shape without crack blunting, due to the localization of slip deformations by hydrogen, both in accordance with the observations described previously. Thus, in the case of moderate-strength steels, it can be concluded that the hydrogen-induced FCG acceleration does not produce a 'brittle' fracture, but a 'microscopic ductile' fracture, because the FCG accompanies the plastic deformation at the crack tip, even under the influence of hydrogen. It is noted that a different mechanism could be responsible for the FCG acceleration which accompanies intergranular cracking, in the case of higher-strength steels with TS beyond 1000 MPa [28] [29] [30] .
(b) Peculiar frequency dependence of fatigue crack growth acceleration It has been reported that the acceleration of FCG in hydrogen gas is dependent not only on hydrogen pressure, but also on the test frequency. Matsuo et al. [31] conducted a series of FCG tests on the low-alloy steel, JIS-SCM435, using compact tension specimens in air and in 0.7 MPa hydrogen gas. As a result, they found a peculiar frequency dependence in FCG acceleration in hydrogen gas; the ratio of hydrogen-induced FCG acceleration was gradually increased, with a decrease in test frequency in the range of 10 ∼ 0.1 Hz, later reaching a peak at ≈0.1 Hz. Yoshikawa et al. [32] and Somerday et al. [33] also confirmed a similar frequency dependence of FCG acceleration in hydrogen gas for a carbon steel and a pipeline steel, respectively. Regarding the frequency dependence, two possible mechanisms were proposed, one by Matsuo et al. [31] and the other by Somerday et al. [33] . Matsuo et al. suggested that such a peculiar frequency dependence is due to the difference in distribution of hydrogen concentration in the vicinity of the crack tip, thus affecting the HELP process in the crack-tip zone. In fact, they found that the degree of slip localization at the crack tip was strongly influenced by the test frequency in JIS-SCM435, as shown in figure 5 .
Subsequently, to complement the Matsuo et al. study, Yoshikawa et al. [32] investigated the FCG acceleration in low-carbon steel under the hydrogen gas pressure, p H2 , ranging from 0.1 to 90 MPa, at frequencies spanning from 0.001 to 10 Hz. Figure 6 plots the relative FCG acceleration ratio, (da/dN) H2 /(da/dN) air , as a function of test frequency, f, at K = 30 MPa m 1/2 for various pressure levels of hydrogen gas. Under a p H2 of less than 10 MPa, the FCG acceleration ratio peaks at a certain frequency, depending on the p H2 , with the peak position shifting to the left with an increase in p H2 . Figure 7 presents the crack morphology at the specimen surface, after a K-constant test in 0.7 MPa hydrogen gas, as observed under a laser microscope. As revealed in figure 7a , the slip bands are observed to extend far along the crack in air at K = 30 MPa m 1/2 and f = 10 Hz. By contrast, after growth in 0.7 MPa hydrogen gas at f = 1 Hz, where the acceleration rate was 10 times as fast as in air, hardly any slip bands are detected. On the other hand, with growth in 0.7 MPa hydrogen gas at f = 0.001 Hz, where the acceleration rate was nearly the same as that in air, the slip bands are again widely distributed along the crack. Similarly, figure 8 shows the morphologies in 10 and 90 MPa hydrogen gas. Under these higher pressure levels, FCG was markedly accelerated in a wider range of test frequencies, while the slip bands were not clearly visible in the accelerated regime. These observations evidently support the HESFCG model in which the FCG acceleration is caused by the slip localization at the crack tip, regardless of the hydrogen gas pressure level. Yoshikawa et al. presumed that the degree of hydrogen-induced FCG acceleration is not determined solely by the presence or absence of hydrogen at the crack tip, but is also governed by the gradient of hydrogen concentration near the crack tip which leads to the slip localization at the fatigue crack tip. Based on this premise, in order to describe the frequency dependence more quantitatively, they made a simple calculation of hydrogen distributions ahead of the crack tip using Fick's law, as illustrated in figure 9 . Consequently, they proposed a parameter to successfully estimate the test frequency at which hydrogen-induced acceleration would disappear [32] .
In parallel with the aforementioned proposals based on the HESFCG model, Somerday et al. [33] advanced the theory that frequency dependence is caused by a small amount of oxygen contained in hydrogen gas. They proposed that, during the crack-opening process, the oxygen is adsorbed into the newly created surface at the crack tip, thus inhibiting the entry of hydrogen into the crack-tip zone. In this model, a lower frequency allows a longer time for oxygen adsorption and, consequently, hydrogen-induced acceleration cannot be prominent at very low frequencies (e.g. 0.001 Hz). Indeed, their findings confirmed that FCG acceleration behaviour was significantly affected by the presence of oxygen impurities in hydrogen gas.
As previously noted, two alternative mechanisms have been identified as the causes of the frequency dependence, both of which have been experimentally verified. Nevertheless, it is still unclear which of these mechanisms is more dominant in the context of hydrogen-induced FCG acceleration, particularly insofar as varying test conditions, environments and materials are concerned. 
Frequency dependence of fatigue crack growth acceleration under external and internal hydrogen
In this section, in order to study the possible mechanisms for the peculiar frequency dependence in more detail, two types of FCG tests were carried out, using meta-stable, austenitic stainless steel (Type 304) and DCI. One experiment was conducted in 0.7 MPa hydrogen gas (i.e. the external hydrogen test), whereas the other involved the use of a hydrogen-charged specimen (i.e. the internal hydrogen test). It will be manifested that the peculiar frequency dependence occurred via both the external and internal hydrogen in these materials, indicating that even in the absence of the inhibiting effect of oxygen impurity, dependence can still result.
(a) Materials and test methods
The materials tested were a Type 304, austenitic stainless steel (with a meta-stable FCC matrix) and a DCI (with a ferrite/pearlite matrix, in conjunction with spheroidal graphite Figure 10 exhibits the microstructures of the materials; the Type 304 has a meta-stable FCC matrix, whereas the DCI is composed of a ferrite/pearlite matrix, associated with spheroidal graphite. The authors reported that because the diffusion coefficients of these two materials are sufficiently low (≈10 −16 m 2 s −1 for Type 304 and ≈10 −13 m 2 s −1 for DCI, at room temperature) [34] , they can possess a great amount of hydrogen during the FCG test of hydrogen-charged specimens. All FCG tests were performed in accordance with ASTM E647 [35] . Figure 11 displays the shapes and dimensions of the specimens for the FCG tests. In some specimens, the side surface was finished by polishing with emery papers, followed by buffing with a diamond paste for observation of the crack morphology. To investigate the effect of external hydrogen, the tests were carried out in 0.7 MPa hydrogen gas. The purity of the hydrogen gas used was greater than 99.999% (5N). In addition, the effect of internal hydrogen was also investigated by using hydrogen-charged specimens. The details of the specimen preparation and test conditions are summarized in table 1 . It is noted that, in hydrogen-charged specimens of both materials, hydrogen is saturated in the material and is uniformly distributed from the surface to the centre. (b) Fatigue crack growth acceleration due to external and internal hydrogen Figure 12 presents da/dN curves of Type 304 and DCI, as obtained in the K-increasing test. In Type 304, FCG was remarkably accelerated, due to the presence of both the internal and external hydrogen. Considerable FCG acceleration also occurred during the external hydrogen test of DCI. Figure 13 displays examples of the fatigue crack morphology observed on the side surface of the DCI specimens at K = 20 MPa m 1/2 . During testing of a non-charged specimen in air, slip deformation was widely observed along the crack. However, during testing of a noncharged specimen in 0.7 MPa hydrogen gas, hardly any deformation was detected along the crack. This is in accordance with the crack morphology observed by Matsuo et al. and Yoshikawa et al. (cf. figures 7 and 8) , inferring the incidence of localized plasticity at the crack tip due to hydrogen [26, 27, 36, 37] . Figure 14 illustrates the crack growth rate, da/dN, as a function of test frequency, f, during the external and internal hydrogen tests for Type 304 and DCI at K = 20 MPa m 1/2 . In addition, for Type 304, the test result for 'external + internal hydrogen' is also shown, in which the FCG test was carried out in 0.7 MPa hydrogen gas by using the hydrogen-charged specimens. Both in Type 304 and in DCI, a peculiar frequency dependence on the hydrogen-induced FCG acceleration appeared; in a high-frequency regime such as 10 ∼ 0.1 Hz, hydrogen-induced FCG acceleration gradually increased with a decrease in test frequency, subsequently peaking at 0.1 ∼ 0.01 Hz. The frequency at the maximum acceleration was dependent on both the category of material and the type of test (i.e. external or internal hydrogen). It is notable that the peculiar frequency dependence occurs even in the internal hydrogen test, during which the inhibitor effect due to oxygen impurity [33] is absent. In obtaining the test data for Type 304 using internal hydrogen, only one specimen was used under the constant K. The test frequency varied from high to low, i.e. 5 Hz → 1 Hz → 0.1 Hz → 0.01 Hz → 0.001 Hz. In such a test where a hydrogen-charged specimen is used, it can naturally be presumed that, over a period of time, diffusive hydrogen in the material can escape during the FCG testing. As a consequence of this, the reduction of hydrogen content may affect the FCG acceleration. To investigate the effect of outgassing from the hydrogen-charged specimen, the following additional test was conducted for Type 304. Just after the final measurement of da/dN at 0. figure 14a . The second result at 0.1 Hz was nearly equivalent to the first result at 0.1 Hz. Thus, it can be concluded that the frequency dependence was not caused by the reduction of hydrogen content due to outgassing during FCG testing, but was rather caused by another factor. As demonstrated in figure 14 , the test frequency at which the acceleration peaks is highly dependent on the test type (i.e. external hydrogen or internal hydrogen). This difference between the external and internal hydrogen tests may be explained by the difference in the hydrogen concentration gradient ahead of the crack tip, the result of stress-induced hydrogen diffusion in each case (cf. figure 9) . However, further research will be needed in order to quantify such a phenomenon, via FEM analysis of hydrogen diffusion in the crack-tip zone under cyclic loading, for example.
Conclusion
This paper explored the peculiar frequency dependence on the hydrogen-induced FCG acceleration in steels. In other words, the ratio of hydrogen-induced FCG acceleration gradually increases with a decrease in test frequency during a high-frequency regime, subsequently reaching a peak. In an attempt to justify the interpretation of the mechanism by certain authors,
